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PROCESS FOR THE TREATMENT OP CONTAMINATED WATER BASED ON 
THE USE OF APOLAR ZEOLITES HAVING DIFFERENT CHARACTERISTICS 
The present invention relates to a process for the 

10 treatment of water contaminated by apolar compounds and/or 
heavy metals which is based on the use of two apolar zeo- 
lites having different characteristics. 

More specifically, the invention relates to a process 
for the treatment of water contaminated by apolar compounds 

15 consisting of halogenated organic solvents and mono and 
polycyclic aromatic hydrocarbons, chloro- aromatic com- 
pounds, aliphatic hydroca.Thons , oxygenated compounds pre- 
sent in fuels and/or heaving metals such as Arsenic, 
hexavalent Chromium, Antimonium, Selenium, Mercury, Cad- 

20 mium, Cobalt, Nickel, Lead, Manganese and Copper, which is 
based on the use of a system comprising at least two types 
of apolar zeolites placed in succession. 

The process according to the invention can conven- 
iently be used for the treatment of groundwater contami- 

2 5 nated by both low and high concentrations of apolar com- 
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pounds using a permeable reactive barrier (PRB) . 

Conventional PRB for the decontamination of water con- 
taminated by halogenated solvents are based on systems 
which, use metallic iron and/or granular activated carbon 
5 (GAC) . 

The first system, which functions according to the re- 
ducing capacity of the metal, is only active towards re- 
ducible substances, such as orgarao- chlorinated products or 
metals with a high oxidation number (US 5,266,213), WO 
10 92/19556} . 

Furthermore, when a zero-valence iron is used, it 
causes a reduction in the permeability of the barrier due 
to encrustations or the precipitation of minerals which de- 
rive from the reactions between the ions of the oxidized 
15 metal and the substances contained, in the groundwater. 

The second system is an aspecific absorbent and as 
such is poorly selective with respect to interfering sub- 
stances present in the water and in particular groundwater 
(ions, humic acids, etc.). If used for the formation of 
2 0 permeable reactive barriers, it consequently causes an ex- 
haustion of the system in short periods (Williamson, D. 
2000. Construction of a funnel -and- gate treatment system 
for pesticide-contaminated groundwater. Chemical Oxidation 
and reactive barriers. Godage B . et al . Eds. In II Intl. 
25 Conf. On Remediation of chlorinated and recalcitrant com- 
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pounds. Monterey, CA, USA, Battelle Press, Columbus, 
(2000)), pages 257-264. Schad, H. 2000. Funnel -and- gate at 
a former manufactured gas plant site in Kalsru.he, Germany: 
design and construction. In: Chemical Oxidation and reac- 
5 tive barriers. Godage B. et al . Eds., II Intl. Conf . On 
Remediation of chlorinated and recalcitrant compounds, Mon- 
terey, CA, USA, Battelle Press, Columbus, (200O), 215-322. 

Both systems however prove to be ineffective in remov- 
ing all the polluting principles often contemporaneously 

10 present in contaminated groundwater beneath industrial 
sites, which frequently consists of apolar compounds such 
as halogenated solvents and compounds deriving from the oil 
industry. These are often highly toxic products, some of 
which are carcinogenic, whose concentration in the ground- 

15 water must respect the strict limits established by the 
legislation. 

In order to overcome the critical problems specified 
above, alternative procedures are proposed in the art, 
which are substantially based on the use of apolar zeolites 
2 0 as adsorbents for specific substances. 

Zeolites are generally described as alumino-silcate 
complexes with a three-dimensional structure of cross- 
linked tetrahedrons having Al or Si atoms at the centre and 
oxygen atoms at the angles . 
25 The tetrahedrons are combined according to a well- 
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defined repetitive structure at the base of the formation 
of the cavities. For the neutrality of the structure, 
counter- ions, weakly bound to the structure and with a va- 
lence of two or more, are in the outer part of the chari- 
5 nels. These counter- ions can be exchanged with other ions 
by ion exchange. 

The crystalline zeolites contain regular channels ca- 
pable of selectively adsorbing organic molecules (Occelli, 
M.L. and Robson, H.E. in Zeolite Synthesis. ACS Symposium 

10 Series. 1989. American Chemical Society). The hydrophobic- 
ity degree of zeolites is generally defined, by the Si/Al 
ratio, hydrophobic zeolites have a high silicon content. 

In practice, the substances pass into the pore system 
of the zeolite where they can be effectively and rapidly 

15 adsorbed thereby. 

A process which is based on the use of zeolites is de- 
scribed, for example, in US patent 4,648,977 wherein water 
contaminated by low concentrations of organic compounds, 
from 10,00 ppb to 20,00 ppm, is put in contact with an ad- 

20 sorbent mass consisting of an apolar zeolite. 

The use of apolar zeolites is also described in patent 
application WO 03/0 022461. In particular, patent applica- 
tion WO 03/0022461 relates to a process for the treatment 
of groundwater contaminated by permeable barriers whose re- 

25 active medium consists of apolar zeolites. The process al- 
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lows contaminants which are difficult to eliminate, nor- 
mally present in contaminated groundwater beneath indus- 
trial sites, to be effectively and selectively removed. 

Zeolites have a higher absorption capacity and func- 
5 tioning duration with respect to that of materials cur- 
rently used in permeable reactive barriers, such as acti- 
vated carbon. 

The properties of this reactive medium which are based 
on the dimension of the structural channels, suitably cali- 

10 brated for organic molecules, and on the high apolarity, 
deriving from high silica/alumina ratios, exclude any type 
of interaction with ions or polar compounds. 

The zeolite consequently has a selective interaction 
with molecules of apolar contaminants whereas it completely 

15 excludes ions and polar molecules normally present in 
groundwater together with humic substances, having high mo- 
lecular dimensions than those of the structural channels. 

Although water treatment processes based on the use of 
zeolites allow an effective and selective elimination of 

2 0 contaminants when these are present at low concentrations, 
they are less effective when they are present at high con- 
centrations . 

A process has now been found, which is based on th^ 
use of at least two types of zeolites placed in succession 
25 which, due to an unexpected synergic effect, allows organic 



- 5 - 



WO 2005/063631 



PCT/EP2004/013871 



contaminants to be effectively removed from water when they 
are present at both low and high concentrations . 

Although this system excludes ions and polar molecules 
normally present in groundwater, from the structural chan- 
5 nels, where the adsorption of apolar contaminants takes 
place, it has surprisingly proved to be effective in the 
removal of ions of heavy metals such as Arsenic, hexavalent 
Chromium, Antimonium, Selenium, Mercury, Cadmium, Cobalt, 
Nickel, Lead, Manganese and Copper. 

10 An object of the present invention therefore relates 

to a process for the treatment of water contaminated by 
apolar organic compounds and/or heavy metals which consists 
in circulating the water through a system comprising at 
least two types of zeolites having a silica/alumina ratio 

15 > 50, placed in succession, wherein the first zeolite 
through which the water is passed is characterized by a 
high absorption ca.pa.city and structural channel dimensions 
ranging from 7 to 50 A, whereas the second is characterized 
by a high removal capacity of molecules with a molecular 

20 diameter comparable with structural channel dimensions 
ranging from 5 to 7 A. 

Zeolites which can be conveniently used in the process 
of the invention are those which have been subjected to a 
formulation process . 

25 This process envisages that the zeolite micro- 
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crystals, having dimensions of 1-10 microns, be agglomer- 
ated in formulates with, ligands such as alumina (A1 2 0 3 ) , 
silica and clay to obtain particle sizes (0.2-4 mm) capable 
of ensuring the high permeability level necessary for the 
5 functioning of the PRB. The ligands normally consist of 20- 
6 0% by weight of the zeolites used. 

In practice, the first zeolite through which the water 
passes, causes low adsorptions at low concentrations of 
contaminants and is capable, on the other hand of high ad- 
10 sorptions at high concentrations. 

This zeolite is therefore effective in accumulating 
large quantities of contaminants allowing them to be re- 
duced to medium-low concentration levels. 

The second zeolite through which the water passes, 
15 generally has structural channel dimensions similar to 
those of the molecules of the contaminants to be removed. 
This zeolite allows the complete removal of the contami- 
nants from the aqueous medium in which they are present at 
medium- low concentrations . 
2 0 The different behaviour of the two adsorbents is dem- 

onstrated in figure 1 which represents the adsorption iso- 
therms of benzene on two types of zeolite: ZSM-5, charac- 
terized by the presence of structural channels with dimen- 
sions ranging from 5.1 to 5,5 A, Y zeolite with channel di- 
2 5 mensions of 7.4 A. 
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From figure 1, it can be observed in particular, that 
ZSM-5 has a maximum adsorption capacity at low concentra- 
tions, allowing medium-low concentrations (0.1 to 5 mg/1) 
of contaminants to be completely eliminated from the aque- 
5 ous solution, whereas Y Zeolite, with a lower adsorption 
capacity for pollutant concentrations up to 5-10 mg/1, is 
extremely effective at high concentrations (70-8 0 mg/1) . 

Neither of the two zeolites, however, is individually 
capable of treating high concentrations, as the first is 
10 rapidly saturated, leaving most of the contaminant in solu- 
tion, whereas the second is incapable of intervening on 
concentrations below a medium- low limit, around 10 ppm. 

In addition to creating the conditions for a high per- 
meability of the adsorbing system, necessary for f unction - 
15 ing for times (10-20 years) compatible with the use in situ 
of the PRB, the suitably formulated zeolites allow a better 
removal of heavy metals. 

The zeolite system of the present invention preferably 
consists of zeolites with silica/alumina ratios > 200. 
20 Zeolites characterized by channels having dimensions 

of 7-5 0 A and large cavities are, for example, Y Zeolite, 
beta zeolite, MSA, ERS-8 and MCM-41. 
Y Zeolite is preferably used. 

Examples of zeolites of the second type are sili- 
25 calite, ZSM-5 zeolite and Mordenite . 
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ZSM-5 is preferably used. 

The process according to the invention is particularly- 
effective in removing pollutants consisting of styrene, p~ 
xylene, benzo - anthracene , benzo-pyrene , benzo- 

5 f luoroanthene, benzo-perylene, chrysene, pyrene; halo- 
genated solvents such as carbon tetrachloride, tetrachloro- 
ethylene (PCE) , trichloro- ethylene (TCE) , 1 , 2 -cis-dichloro- 
ethylene (1,2-cDCE) , 1, 2-trans~dichloro-ethylene {1,2- 
tDCE) , 1, 1-dichloro-ethane, (1,1-DCA) , 1, 2- dichloro- ethane, 

10 (1,2-DCA), hexachloro ethane (HCA) , hexachloro-butadiene 
(HCBd) vinyl chloride (VC) , chloromethane , trichloro meth- 
ane, 1, 1-dichloroethylene, 1 , 2 -dichloropropane , 1,1,2- 
trichloro-ethane , 1,2, 3 - trichloropropane , 1,1,2,2- 

tetrachloro- ethane, monochlorobenzene (CB) , 1,2- 

15 dichlorobenzene, 1 , 4-dichlorobenzene, 1,2,4- 

trichlorobenzene, 1,2,4, 5-tetrachlorobenzene, pentachloro- 
benzene , hexachlorobenzene , 2 - chlorophenol , 2,4- 

dichlorophenol , 2,4, 6 -tri chlorophenol , pentachlorophenol , 
and aliphatic and/or aromatic compounds deriving from the 

20 oil industry such as methyl tert-butylether (MTBE) , ethyl- 
tert-butylether (ETBE) , tert-amyl -methyl -ether (TAME) , BTEX 
(benzene, toluene, ethyl benzene, xylenes) , styrene, naph- 
thalene , 2 -methyl -naphthalene , acenaphthene , phenanthrene . 

The process according to the invention also allows 

2 5 ions of heavy metals such as Arsenic, hexavalent Chromium, 
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Antimonium, Selenium, Mercury, Cadmium, Cobalt, Nickel, 
Lead, Manganese and Copper, to be effectively removed from 
water . 

It has been found that ZSM-5 zeolite has a particular 
5 affinity and adsorption capacity with respect to 1,2-DCA, 
and consequently ZSM-5 zeolite can also be used alone for 
removing low concentrations of 1,2-DCA. 

The system consisting of Y Zeolite followed by ZSM-5 
zeolite has proved to be particularly efficient in the re- 
10 moval of organic contaminants. 

Due to an unexpected synergic effect, the system of 
the present invention allows contaminants to be treated up 
to the limits of the law, at concentrations ranging from 5- 
2 00 0 ppm and preferably within the range of 30-100 ppm, 
15 with a high overall adsorption capacity. 

Systems comprising ZSM-5 zeolite have proved to be 
particularly suitable for aliphatic, halogen -aliphatic and 
mono-aromatic molecules, such as BTEX and halogen-benzene 
derivatives . 

2 0 Systems comprising Mordenite, on the other hand, are 

more appropriate for aromatic molecules with two or more 
aromatic rings, and halogen- and alkyl- substituted, and 
ethers such as MTBE. 

The process according to the invention can be conven- 

2 5 iently used for the decontamination of groundwater with the 
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use of permeable reactive barriers (PRB) . In this case, the 
system of two zeolites placed in succession forms the ac- 
tive medium of the barrier, situated in situ perpendicular 
to the groundwater flow, through which the passage on the 
5 part of the polluted stream allows decontamination by immo- 
bilization of the contaminating species. 

The barriers can treat groundwater polluted by chlo- 
rinated solvents, mono- or poly-cyclic aromatic hydrocar- 
bons and compounds particularly resistant to biodegradation 

10 and adsorption such as MTBE, VC or 1,2-DCA with a high 
selectivity with respect to inorganic interfering agents . 

The barriers can also effectively treat polluted 
groundwater from heavy metals such as Arsenic, hexavalent 
Chromium, Antimonium, Selenium, Mercury, Cadmium, Cobalt, 

15 Nickel, Lead, Manganese and Copper. 

The following examples refer to water containing high 
concentrations of organic compounds subjected to treatment 
first with the single zeolites, Y Zeolite and ZSM-5, and 
then with the same zeolites in a mixture and subsequently 

2 0 with the system of the two zeolites placed in succession: 
the greatest efficiency obtained with the two zeolites in 
succession is evident . 

The system consisting of Y Zeolite and ZSM-5 zeolite 
and Mordenite placed in succession proved to be particu- 

25 larly effective for the treatment of water containing mix- 
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tures of hydrocarbons, such as BTEX, and ethers such as 
MTBE . 

Description of the methods used for measuring the proper- 
ties of the active materials 
General procedure 
Batch tests 

The materials, in a quantity of 10 mg, unless other- 
wise specified, are incubated in 2 0 ml of water in a tube 
with a Teflon cap closed with a metallic ring and with the 
minimum head space to allow stirring; the contaminating 
compound (up to 10 0 \xl of an aqueous substance at a suit- 
able concentration) is added with a 100 ]xl syringe; the 
stirring is effected in a complete rotation system (powder 
mixer). At the end of the reaction, after 24 hours, i.e. at 
much higher times than the equilibrium times determined for 
each adsorbent, the mixture is centrifuged for 15' at 700 
rpm to separate the adsorbing material and the unabs orbed 
contaminant is determined from its residual concentration 
in solution. Each determination is effected at least three 
times. For each determination, the sample and control con- 
sisting of liquid and contaminant without adsorbent, are 
prepared under the same conditions. This procedure was fol- 
lowed for all the contaminants tested . 
Determination of the equilibrium times 

From 10 mg to 1 g of adsorbing material are incubated 
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with 2 0 ml of water containing from 100 ppb to 5 ppm of 
contaminant under stirring at room temperature for times 
varying from 15 r to 48h. The equilibrium time is considered 
as being that over which adsorption has not increased. In 
5 studying the effects of the adsorption conditions, the 
quantity of adsorbent was used, which causes the adsorption 
of at least half of the contaminant put in contact. 
Column tests 

The adsorption tests with synthetic water containing 
10 mixtures of contaminants or with real groundwater were car- 
ried out in columns . 

Zeolites subjected to a formulation process, and in 
particular Y Zeolite in pellets having a diameter of 3 mm 
(clay ligand) , ZSM-5 and Mordenite in pellets having a di- 
15 ameter of 1.5 mm (alumina ligand) , were used in the column 
tests. Bearing in mind the diameter of the formulated zeo- 
lites, the columns were prepared to have a column diame- 
ter/adsorbing particle diameter ratio > 50, this value be- 
ing necessary for guaranteeing the absence of preferential 
20 channels or wall effects during the treatment. The columns 
(having dimensions of 2.5 x 20 cm or 7.5 x 40 cm according 
to the diameter of the particles) also have sampling points 
(mininert) for following the saturation along the column. 
The filling of the columns is effected with suitable quan- 
2 5 titles of zeolites mixed with sand with the same particle 
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size . 

The water containing the contaminant, inserted in a 
deforming tedlar-bag to ensure the homogeneity of the solu- 
tion with time, is pumped into the column in up -flow, at 
5 suitable flow-rates, with a peristaltic pump. The eluate is 
collected in a fraction collector in tubes equipped with a 
Teflon top for immediate gas -chromatographic analysis. The 
performances are determined by the Breakthrough curve, in- 
dicating, in abscissa, the eluted volume or time and in or- 

10 dinate, the relative concentration (eluted concentra- 
tion/initial concentration: C/C 0 ) . 
Analysis of the metals 

The analysis of the metals was effected with atomic 
absorption Varian FS 220, GTA 110 using the routine methods 

15 defined by the manufacturer . 

Analysis of TCE, PCE, VC, DCA, toluene, MTBE, naphthalene, 
2 -methyl -naphthalene, acenaphthene , phenanthrene (in solu- 
tion) 

The aqueous solution is extracted with hexane in a ratio of 
20 5.666/1 (H 2 0/ hexane) , in an analogous tube to that used for 
the reaction; a milliliter of hexane is removed for analy- 
sis in GC-ECD or GC-F1D. The control consists of the sam- 
ple, without absorbent, subjected to the same treatment. 
GC/MS analysis of real groundwater containing complex mix- 
25 tures of the contaminants examined 
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The analysis is effected from suitable aqueous solu- 
tions by measuring the contaminants in the head space. The 
system used was GC/MS/DS Mod. MAT/90 of Finnegan; the gas 
chromatographic column used was a PONA (length 5 0 m x 0.21 

5 mm I.D. and 0.5 jam of film) of Hewlett-Packard. The flow- 
rate of the carrier measured at 3 5°C proved to be 0.6 

ml/min (Helium) . Of each sample, 500 \il of the head space 
were injected, removing with a gas syringe (heated) from 
the phial kept for 2h at 70°C to equilibrium. The mass 
10 spectrometer operated in E.I. (electronic impact) at 70 eV 
and at a resolution of 1500 within the mass range of 30-120 
a.m.u. and at a scanning rate which was such as to acquire 
a spectrum every 0.8 s . 

Effect of the ionic strength and pH on the adsorption 
15 The adsorption is effected at different concentrations 

of CaCl 2 : 5-100 mM; with respect to the pH, solutions were 
tested at pH of 6, 7, 8 obtained with a 20 mM Na- Phosphate 
buffer . 
EXAMPLE 1 

2 0 Removal of Arsenic with formulated zeolites and comparison 
with commercial products 

A solution of 20 ml of water containing arsenic (As) 
as As 2 0 3 and 5 0 mg of a suitable zeolite, formulated with 
A1 2 0 3/ brought to pH = 7, is stirred for 24 hours in a tube 

25 with a hermetically closed top; the system is compared with 
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commercial adsorbents, ZSSOOAs, specific for arsenic, and 
AS50 0RW, cabazite, used as metal ion exchanger, both prod- 
ucts of GSA Resources 

( http : / /www, gsaresources . com/prod052 6 .htm ) . The results are 
5 indicated in Table 1. 
EXAMPLE 2 

Removal of various quantities of Arsenic with zeolites for- 
mulated with differing quantities of A1 2 Q 3 ligand 

The experiment was carried out as in the previous ex- 
10 ample with zeolites formulated with varying quantities of 
ligand. The experiment was effected with different concen- 
trations of Arsenic in solution. The results are indicated 
in Table 2 . 
EXAMPLE 3 

15 Removal of hexavalent chromium with zeolites formulated 
with the same quantity of ligand 

The experiment is analogous to the previous example 
except that hexavalent chromium (K 2 Cr 2 0 7 ) is added at dif- 
ferent concentrations to the aqueous solution. The results 

2 0 are indicated in Table 3. 
EXAMPLE 4 

Batch tests: 20 ml of a solution of contaminant at a suit- 
able concentration is treated in a glass tube equipped with 
a Teflon top, with 5 mg of adsorbent consisting of single 
25 zeolites, in mixtures or two treatments in succession of 
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the two single zeolites so as to have, as a whole, in the 
two treatments, the same quantity of adsorbent used in each 
of the tests with the single zeolites. After an hour in a 
rotating stirrer, the mixture is subjected to centrifuga- 
5 tion at about 5 0 00 rpm. The contaminant remaining in solu- 
tion is determined on the supernatant, with suitable gas- 
chromat ography , determining by difference that adsorbed in 
the adsorbent. The results of these tests are indicated in 
Table 4 . 
10 EXAMPLE 5 

As Example 4 with toluene instead of benzene . 
The results obtained with water contaminated by high 
concentrations of toluene subjected to treatment with Y 
Zeolite and ZSM-5 first separately and in a mixture, then 
15 in succession, are indicated in Table 5. 

As can be observed, ZSM-5 and Y Zeolite are not very 
effective when used alone or in a mixture at high concen- 
trations whereas when in succession, they significantly re- 
duce the concentration of the contaminants . 
2 0 EXAMPLE 6 

As Example 4 with p-xylene instead of benzene. 
Table 6 indicates the results obtained with p-xylene 
using Y Zeolite and ZSM-5, which confirm what is observed 
with benzene and toluene. 
2 5 EXAMPLE 7 
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As Example 4 with monochl or o -benzene (CB) instead of 
benzene . 

The results, indicated in Table 7, clearly demonstrate 
that the substitution on the ring of either methyl groups 
5 (toluene) or halogens (CB) does not have a substantial ef- 
fect on the adsorption capacity of Y Zeolite. 
EXAMPLE 8 

As Example 4 with tetrachloro- ethylene (PCE) instead 
of benzene . 

10 Another group of compounds treated are organo- 

chlorinated alkanes and alkenes . The results are indicated 
in Table 8 . 
EXAMPLE 9 

As Example 4 with trichloro- ethylene (TCE) instead of 
15 benzene. The results are indicated in Table 9. 
EXAMPLE 10 

Treatment of 1 , 2-dichloro-ethane (1,2-DCA) with ZSM-5. 

The adsorption in batch of 1,2-DCA on ZSM-5 zeolite, shows 

a high capacity, up to about 160 xng of 1,2-DCA adsorbed per 

2 0 gram of zeolite, in equilibrium with a solution of about a 
hundred ppm. The results obtained are indicated in figure 2 
in which the initial concentration of 1,2-DCA present in 
the water initially subjected to the treatment, varies from 
20 0 ppm to 6 0 ppb . 

25 The tests, effected in batch in 20 ml vials with about 
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5 mg of zeolite, allow the quantity of organic compound ad- 
sorbed to be determined, together with that remaining in 
solution, called Ce concentration in equilibrium with the 
solid. The concentration in solid phase compared with that 
5 in equilibrium allows the adsorption isotherm to be con- 
structed, from which it is possible to obtain the adsorp- 
tion capacity with the Freundilich equation. The data from 
which the isotherm is obtained, are indicated in Table 10. 
EXAMPLE 11 

10 Dynamic adsorption tests (in columns) of mixtures of chlo- 
rinated organic contaminants in synthetic water. 

Tlae system, illustrated in figure 3, consists of a 
column whose first 2 0 cm are occupied by Y Zeolite and the 
rest b-y ZSM-5. 

15 Tlie column is eluted from below at a flow-rate of 25 

ml/h equal to about 5 0 cm/day of linear velocity. The water 
to be treated, pumped into the column from below with a 
peristaltic pump, contains a mixture of contaminants at the 
following concentration (mg/L) : trichloro-ethylene (TCE) 

20 367; 1 , 2 -dichloro -ethane (1,2-DCA) 35; Toluene 40. 

The concentration of contaminants, after passage through 
the bed of zeolites, proved to be the following (mg/L) : 
TCE 14; 1,2-DCA 4; toluene 0.4, at the outlet of Y Zeolite 
(after 2 0 cm) 

25 TCE 0.005; 1,2-DCA 0.002; toluene 0.001, at the outlet of 
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ZSM-5 (after 4 0 cm) . 
EXAMPLE 12 

Treatment of actual water contaminated by chlorinated al- 
kanes and alkenes with the system Y Zeolite/ZSM-5 in suc- 
5 cession. 

The water removed from the water-bearing stratum of a 
petrochemical establishment, was characterized. 

A quantitative analysis of the organic and inorganic 
compounds proved to be the following: 
10 Organic compounds (mg/1) ; 1 , 2-dichl or o -ethane (1,2-DCA) 37; 
tetrachloro-ethylene (PCE) 3.5; trichloro- ethylene (TCE) 2; 
1,2-cis dichloro-ethylene (1,2-cDCE) 3.16; vinyl chloride 
(VC) 3.3; hexachloro-ethane (HCA) 1.6; hexachloro-butadiene 
(HCBd) 1.42. 

15 Inorganic compounds (mg/1) : Na 2860; Ca 723; Mg 315; Pe 
1.6; CI" 5500; Sulfates 200; Nitrates 154. 

The simulation apparatus used for the treatment is schema- 
tized in figure 4 . 

Two columns of 2.5 x 2 0 cm were set up in series, the 

2 0 first filled with 25 g of Y Zeolite and 93.5 g of sand 
(particles with a diameter of 3 mm) and the second, in the 
first section (18 cm) with 20 g of Y Zeolite and 90 g of 
sand, and in the second section (2 cm) with 2.5 g of ZSM-5 
and 9.5 g of sand. The columns were eluted at a flow- rate, 

2 5 regulated by a peristaltic pump, of about 10 ml/h equal to 
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about 48 cm/day. 

After 10 months of functioning, during which about 75 
litres of groundwater were treated, the concentration of 
the contaminants in the stream at the outlet of the simula- 
5 tion apparatus was maintained at values lower than the ana- 
lytical measurement limits (<0.1 ppb) . 

Figures 5 and 6 show the gas chromatograms of the head 
space obtained by analyzing the feeding and outflow of the 
PRB simulation apparatus operating in a laboratory, con- 

10 taining a combination of Y Zeolite/ZSM-5 . 

Table 11 also indicates the concentrations of contami- 
nants determined inside and at the outflow of the reactive 
element contained in the first column, consisting exclu- 
sively of Y Zeolite. 

15 The adsorption capacity for 1,2-DCA under the experi- 

mental conditions, can be calculated from the performances 
of the simulation system. 

Adsorption capacity in a dynamic system refers to the 
quantity of organic substance adsorbed per gram of zeolite 

2 0 in correspondence with a halving of the initial concentra- 
tion. In the simulation apparatus, this halving, after the 
elution of 75 litres of groundwater (3.4 g of 1,2-DCA), 
takes place before passage over 12 cm of Y Zeolite (15 g of 
saturated zeolite) , from which there is an absorption ca- 

25 pacity of not less than 15% by weight. 
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This capacity value is even more significant if com- 
pared with that of activated carbon which is around 0.3% 
(Engineering and Design Adsorption, Design Guide 2001. Pu- 
blication Nr. DG 1110-1-2 www.usace . army.mil/usace- 
5 docs /des±gn~guides/dgl 110 ~l-2/contents . htm ) . 
EXAMPLE 13 

Treatment of real water contaminated by high concentrations 
of aromatic hydrocarbons with the system Y Zeolite/ZSM-5 in 
succession. 

10 The gas chromatographic profile of the water removed from 
the water-layer is indicated in figure 7. 

A quantitative analysis of the most representative contami- 
nants : 

Organic compounds (mg/1) : benzene 66; toluene 1.3; p-xylene 
15 3.18; MTBE 0.86. 

Inorgani c compounds (mg/1): Na 5770; Ca 823; Mg 534; Fe 

2.6; CI" 7500; Sulfates 310; Nitrates 199. 

The treatment was effected with a simulation system 

comprising a column (7.5 x 40 cm) filled with sand having a 
20 particle size of 1-2 mm, containing in the first 20 cm, 50 

grams of Y Zeolite, and in the second 2 0 cm, 5 0 grams of 

ZSM-5. 

The flow- rate, controlled by means of a peristaltic 
pump, was 33 ml/h corresponding to about 43 cm/day, consid- 
25 ering th_at the empty volume of the column is 750 ml. 
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The scheme is shown in figure 8. 

The results, indicated in figures 9 and 10, show elu- 
tion after 2 0 cm, at the end of the area defined by Y Zeo- 
lite (50 g of adsorbent) , and after 4 0 cm, complete system 
5 of Y Zeolite and ZSM-5 (100 g of adsorbent) . It is impor- 
tant to observe both the efficacy of Y Zeolite, with a ca- 
pacity of about 10% against a total capacity of Y Zeolite + 
ZSM-5 of about 8%, and also the effect of ZSM-5 which al- 
lows the limits of law to be obtained in the eluate for the 

10 di f f e rent component s . 

It should be pointed out that the treatment of water 
contaminated by these compounds at the concentrations 
tested with traditional systems, coal, air sparging or bio- 
logical systems, does not seem to be very competitive with 

15 respect to the system in question, both for the presence of 
MTBE, which in itself is difficult to treat, and benzene, 
at concentrations not accessible to bacteria both in 
aerobiosis and in anaerobiosis . 
EXAMPLE 14 

2 0 Treatment of actual water contaminated by high concentra- 
tions of oxygenated hydrocarbons (MTBE) and aromatic prod- 
ucts (BTEX) with the system in succession consisting of Y 
Zeolite followed by ZSM-5/Mordenite . 
Quantitative analysis of groundwater. 

25 Organic compounds (mg/1) : MTBE 17.83; Benzene 22.83; Tolu- 
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ene 0.536; Ethyl benzene 1.48; p- xylene 2.94; o- xylene 
1.27. 

Inorganic compounds (mg/1) : Na 6370; Ca 733; Mg 464; Fe 
1.6; CI" 8500; Sulfates 430; Nitrates 295. 
5 The simulation apparatus consists of two columns of 

7.5 x 40 cm, the finrst filled with 150 g of Y Zeolite, in 
the second, the first 2 0 cm are filled with ZSM-5 (10 0 g) 
and the second with Mordenite (15 0 g) . 

The results are shown in Figure 11. The Y Zeolite im- 
10 mobilizes most of tlxe Benzene, present in a high concentra- 
tion of about 22 ppm , whereas the second column removes the 
other contaminants, with Mordenite being particularly ef- 
fective for MTBE. 
EXAMPLE 15 

15 Synthetic water containing TPH with toluene and MTBE 
treated with a system consisting of a column of Y Zeolite 
followed by two columns of Mordenite/ZSM-5 and ZSM- 
5 /Mordenite . 

The first column removes the TPH. 
2 0 This is water containing 18 ppm of Total Petrol Hydrocar- 
bons (TPH) . 

The gas chroma tograms of the water, at the inlet and 
outlet of the simulation apparatus consisting of a 2.5 x 10 
cm column containing 23 g of Y Zeolite (elution flow-rate 
25 30 ml/min) , are indicated in figures 12 and 13. 
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The difference in scale of the two chromatograms 
clearly shows the reduction in the level of TPH at the 
inlet and outlet of the apparatus; an accurate peak by peak 
analysis of the chromatogram shows that over 9 8% is immobi- 
lized in Y Zeolite, 

The system of the two successive columns allows the 
removal of MTBE and Toluene . 

The results at the outlet of each column are indicated 
in figures 14, 15, 16 and 17. 

The first system, with Mordenite in first position, 
causes the most immediate saturation of the Mordenite with 
toluene, thus reducing the performances of this zeolite 
with respect to the more difficult contaminant to be re- 
moved, MTBE . In the second case, however, the Mordenite is 
protected by the ZSM-B . The second system surprisingly be- 
haves considerably better than the first; with the same 
feeding, the first is at 500 ppb in elution, the second is 
lower than 10 ppb. 

Table 1 

Removal of Arsenic: comparison between formulated synthetic 
zeolite Mordenite (5 0% Al 2 0 3 ) and commercial systems (Caba- 
zite, ZS500RW; Cabazite + FeS0 4 ZS500As) 
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Adsorbent 


Initial Arsenic 
in solution 


Final Arsenic 
in solution 


(50 mg) 


(m-9/L) 




Zs500As 


500 


226 


Mordenite 


500 


141 


ZS500 RW 


500 


338 









Table 2 

Removal of different concentrations of Arsenic with zeo- 
lites with different quantities of ligand (50% Al 2 0 3 for 
Mordenite, 25% A1 2 0 3 for ZSM-5) 



.... 

Adsorbent 


Initial As 


Final As 


(50 mg) 


(ng/L) 


(W3/L) 


Mordenite 


1000 


351 




500 


151 




250 


85 




100 


38 


ZSM-5 


1000 


639 




500 


329 




250 


163 




100 


63 
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Table 3 

Removal of hexavalent Chromium with zeolites with the same 
quantity of ligand (Al 2 0 3 25%) 



5 



10 



Adsorbent 


Initial Cr 


Final Cr 


(50 mg) 


(M0/L) 


(W/L) 


Mordenite 


1000 


236 




500 


43 




250 


33 




100 


28 


ZSM-5 


1000 


250 




500 


72 




250 


44 



Table 4 

15 Adsorption of Benzene with Y Zeolite and ZSM-5 individu- 
ally, in a mixture and in succession. 



20 



Adsorbent 


Quantity 
adsorbent 


Initial 
Benzene 


Benzene 
adsorbed 


Benzene 
remaining in 
solution 




(mg) 


(mg/l) 


(%) 


(mg/l) 


ZSM-5 


5 


70 


15 


59.5 


Y Zeolite 


5 


70 


70 


21 


Y Zeolite + 
ZSM-5 (mix) 


5 


70 


20 


56 


Y Zeolite fol- 
lowed by 

ZSM-5 (suc- 
cession) 


5 


70 


98 


1.4 
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Table 5 

Adsorption of Toluene with Y Zeolite and ZSM-5 individu- 
ally, in a mixture and in succession. 





Adsorbent 


Quantity ad- 


initial 


Toluene 


Toluene re- 


5 




sorbent 


Toluene 


adsorbed 


maining in 
solution 






(mg) 


(mg/l) 


(%) 


(mg/l) 




ZSM-5 


5 


60 


20 


48 




Y-Zeolite 


5 


60 


62 


22.8 




ZSM-5 + Y 


5 


60 


30 


42 


10 


Zeolite (mix) 












Y Zeolite fol- 
lowed by 

ZSM-5 (suc- 
cession) 


5 


60 


99 


0.6 



Table 6 

Adsorption of p~ xylene with Y Zeolite and ZSM-5 individu- 
15 ally, in a mixture and in succession. 



20 



Adsorbent 


Quantity 


Initial 


p-xylene 


p-xylene 




adsorbent 


p-xylene 


adsorbed 


solution 




(mg) 


(mg/l) 


(%) 


(mg/l) 


ZSM-5 


5 


40 


71.6 


11.37 


Y-Zeolite 


5 


40 


86.37 


5.46 


ZSM-5 + Y 
Zeolite (mix) 


5 


40 


75 


10 


Y Zeolite fol- 
lowed by 

ZSM-5 (suc- 
cession) ■ 


5 


40 


99.95 


0.018 



25 
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Table 7 

Adsorption of Chloro-benzene (CB) with Y Zeolite axid ZSM-5 
individually, in a mixture and in succession. 



10 



Adsorbent 


Quantity 


Initial 


CB 


CB 




adsorbent 


CB 


adsorbed 


remaining in 
solution 




(mg) 


(mg/l) 


(%) 


(mg/l) 


ZSM-5 


5 


40 


76.7 


9.31 


Y-Zeoiite 


5 


40 


96.17 


1.53 


ZSM-5 + Y 
Zeolite (mix) 


5 


40 


83 


S.8 


Y Zeolite fol- 
lowed by 

ZSM-5 (suc- 
cession) 


5 


40 


99.98 


0.O07 



Table 8 

Adsorption of PCE with Y Zeolite and ZSM-5 individually, in 
15 a mixture and in succession. 



20 



Adsorbent 


Quantity 
adsorbent 


Initial 
PCE 


PCE 
adsorbed 


PCE 

remaining in 
solution 




(mg) 


(mg/l) 


(%) 


(mg/l) 


ZSM-5 


5 


40 


89.6 


4.17 


Y-Zeolite 


5 


40 


93.6 


2.56 


ZSM-5 + Y 
Zeolite (mix) 


5 


40 


92 


3.2 


Y Zeolite fol- 
lowed by 

ZSM-5 (suc- 
cession) 


5 


40 


99.94 


0.O22 



25 
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Table 9 

Adsorption of TCE with Y Zeolite and ZSM-5 individual ly, in 
a mixture and in succession. 





Adsorbent 


Quantity 


Initial 


TCE 


TCE 


5 




adsorbent 


TCE 


adsorbed 


remaining in 
solution 






(mg) 


(mg/l) 


(%) 


(mg/l) 




ZSM-5 


5 


80 


79.6 


16.3 




Y-Zeolite 


5 


80 


91.5 


6.8 




ZSM-5 + Y 


5 


80 


82 


14.4 




Zeolite (mix) 










10 


Y Zeolite fol- 
lowed by 

ZSM-5 (suc- 
cession) 


5 


80 


99.5 


0.4 



15 



20 
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Table 10 

Experimental data used for constructing the adsorption iso- 
therm of 1,2 -DCA in ZSM-5 (figure 2) 



5 



10 



15 



C 0 DCA 


DCA 


ZSM-5 


DCA ad- 
sorbed 


Residual 
DCA in 
soiuiion 


C e DCA 


(ppm) 


(fxg/20ml) 


(mg) 




(m) 


(ppm) 


200 


4000 


cr a 

5.1 


on/ o 

o24.o 




A CO "7(2. 


100 


2000 


5.0 


810.0 


A A fin A 


oy.oo 


50 


1000 


5.0 


510.0 


490.0 


24. bU 


2o 


OUU 


O.l 


one o 


1 OA 0 




10 


200 


5.2 


158.3 


41.7 


2.09 


2 


40 


5.1 


34.0 


6.0 


0.30 


1 


20 


5.0 


16.8 


3.2 


0.16 


0.5 


10 


5.2 


8.6 


1.4 


0.07 


0.25 


5 


5.1 


4.24 


0.76 


0.04 


0.125 


2.5 


5.1 


2.10 


0.40 


0.02 


0.062 


1.25 


5.0 


1.05 


0.20 


0.01 



C 0 DCA = initial concentration of 1,2 DCA 

C e DCA = concentration of 1,2 DCA at equilibrium 
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Table 11 

Contamination trend along the simulation system after elu- 
tion of 75 liters of groundwater 



5 



10 



Height cm 


1 ,2-DCA 


PCE 


TCE 


1.2-DCE 


VC 


HCA 


HCBd 


(g. zeolite) 






p.g/1 
(initial %) 










Feed to the 


37000 


3500 


2000 


3160 


3300 


1600 


1420 


system 


(100) 


(100) 


(100) 


(100) 


(100) 


(100) 


(100) 


6 


36700 


2980 


1600 


3000 


2900 


1.5 


1.38 


(7.5) 


(99.2) 


(85) 


(80) 


(95) 


(88) 


(94) 


(97) 


12 


15080 


650 


250 


300 


310 


1.45 


1.35 


(15) 


(40) 


(19) 


(12.5) 


(9) 


(9) 


(91) 


(95) 


15 


950 


54 


13 


9 


5 


1.44 


1.33 


(18.75) 


(2) 


(2) 


(0.6) 


(0.3) 


(0.1) 


(90) 


(94) 


First column 


46 


<0.1 


<0.1 


<0.1 


<0.1 


1.42 


1.32 


outflow 


(0.1) 










(89) 


(93) 


System 


<0.1 


<0.1 


<0.1 


<0.1 


<0.1 


<0.1 


<0.1 


outflow 

















15 



20 



25 
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